[1] We use 2.5-dimensional global hybrid (kinetic ions, fluid electrons) simulations to study the evolution of Flux Transfer Events (FTEs) and their interaction with the cusp during their poleward motion. A southward pointing interplanetary magnetic field is considered. It results in low-latitude, time-dependent reconnection and the formation of multiple FTEs with a variety of sizes ranging from a few hundred to thousands of km. FTEs are found to travel along the magnetopause surface with velocities exceeding the surrounding magnetosheath by $1 local Alfven speed. As a result, a slow mode bow wave and a pile up of plasma and magnetic field precede larger, but not smaller, FTEs. As an FTE encounters the cusp, a secondary magnetic reconnection is initiated which ultimately leads to its disintegration as it moves to higher latitudes. Both the slow mode bow wave and reconnection accelerate plasma into the cusp and enhance the flux of energetic ions in this region. The downward flux of ions at a given energy moves poleward in time, exhibiting characteristics similar to the poleward moving auroral forms previously attributed to FTEs.
Introduction
[2] Since the discovery of Flux Transfer Events (FTEs) by Russell and Elphic [1979] , questions regarding their generation, size, motion, evolution and dayside ionospheric signatures have prompted numerous investigations. Although much has been learned about FTEs, many basic questions remain to be answered. Among these is how FTEs move along the magnetopause and interact with the cusp. Smith and Lockwood [1990] used the FTE models of Scholer [1988a Scholer [ , 1988b Scholer [ , 1989 and Southwood et al. [1988] to investigate this issue. These models predict that transient increases in the reconnection rate at the magnetopause lead to the formation of FTEs consisting of plasma bubbles. According to Scholer [1989] , a fast mode shock precedes FTEs moving through the magnetosheath faster than the ambient flow. Smith and Lockwood [1990] argue that this shock confines plasma within the bubble, but that the dissipation of the shock in the cusp results in plasma injection responsible for the ionospheric signatures of FTEs [e.g., Lockwood et al., 1990] .
[3] Recently, Omidi et al. [2006] used global hybrid (kinetic ions, fluid electrons) simulations of the solar wind interaction with a magnetic dipole to investigate the physics of the magnetopause during periods of southward interplanetary magnetic field (IMF) orientation. It was found that time-dependent reconnection on the low-latitude magnetopause results in the formation of multiple X-lines and FTEs even during intervals when the IMF remains steady. Initiation of reconnection is associated with the local thinning and intensification of the current sheet. In these simulations, the shock related ULF waves in the magnetosheath are included self-consistently and their interaction with the magnetopause could result in local thinning of the current sheet. In addition, instabilities associated with the current sheet itself such as, ion tearing have not been ruled out. The size of the FTEs ranges from a few hundred km to about an Earth radius (R E ) depending on a number of factors we briefly summarize. One has to do with the latitude at which the FTE forms and its poleward velocity. The FTEs that form near the equator and have low poleward speeds grow to larger sizes. In addition, differences in the poleward velocity of two FTEs result in collisions between them and their coalescence to a larger FTE. The results also show that the simulated FTEs are associated with a wide range of density enhancements within their core.
[4] This paper examines in detail the interaction of poleward-moving FTEs with the magnetosheath plasma and the cusp. It also describes the processes responsible for the injection of ions into the cusp and the ionospheric consequences. The model used in this study is briefly described in the next section, followed by presentation and discussion of the simulation results and conclusions.
Model
[5] The simulation model used for this work resembles that of Omidi et al. [2004 Omidi et al. [ , 2005 Omidi et al. [ , 2006 and is briefly described here. The solar wind plasma enters via the left hand boundary, while the remaining three boundaries remain open to the flow of plasma and electromagnetic fields (open boundary conditions for particles and fields). A magnetic dipole is placed within the simulation box (noonmidnight meridian plane) at an arbitrary location. The strength of the dipole is represented by the parameter Dp which is the standoff distance of the magnetopause normalized to the proton skin depth in the solar wind. It was shown by Omidi et al. [2004] that for Dp $> 20, the resulting magnetosphere has similar characteristics to the earth's. The results shown here correspond to Dp = 85, i.e. the simulated magnetosphere is larger than the Hermian but about 7 times smaller than the terrestrial magnetospheres. The simulations are 2-dimensional in space, (@/@Z = 0) where X is along the Sun-Earth line (pointing towards antisunward), Y is along the dipole axis and Z completes the right-handed coordinate system. All three components of the plasma velocity and electromagnetic fields are retained in the simulations (thus referred to as 2.5-dimensional). The solar wind Alfven Mach number is 5, with electron and ion betas (ratio of kinetic to magnetic pressure) each set to 0.5. The IMF lies along the negative Y axis and corresponds to southward GSM Bz. Because of this, the primary motion of the FTEs is poleward as opposed to dawnward or duskward and 2.5-D simulations capture their evolution to a good degree. A spatially uniform coefficient of resistivity corresponding to a resistive scale length of 0.3 ion skin depth is used which is shorter than the cell size of 1 ion skin depth. To ensure that the conclusions reached in this study are not sensitive to the choice of resistivity, we have also used a smaller (by an order of magnitude) value in the same run and find similar results.
Results
[6] During periods of southward IMF orientation, FTEs form at low latitudes and move poleward towards the cusp and high-latitude magnetosphere. Figures 1a, 1b, 1c, and 1d show the density at four consecutive times: W t = 188, 195, 203, and 210, respectively (where W is the proton gyrofrequency in the solar wind) in a portion of the simulation box (noon-midnight meridian plane) containing the dayside magnetopause and the cusps. The densities are normalized to the solar wind density. In Figure 1a , the magnetic field lines projected into the simulation plane are also shown. Figure 1a shows three FTEs that are associated with density enhancements and are labeled 1 through 3 with #1 in the northern hemisphere and #2 and #3 in the southern hemisphere. Figures 1b -d show that these FTEs travel to higher latitudes with time, and also illustrate the formation of additional smaller FTEs (unlabeled) in both the northern and southern hemispheres. Examination of the FTEs formed throughout this run shows that the numbers formed in the northern and southern hemispheres are similar. But at any given time, the size and number of FTEs in the two hemispheres are rarely identical, as illustrated in Figure 1 . FTEs that traverse the exterior cusp often disintegrate, resulting in few FTEs tailward of the cusp. For example, FTE #3 moves poleward from its position in Figure 1a to its higher-latitude position in Figure 1c , but cannot be found near the cusp in Figure 1d . The dimensions and density enhancement of FTE #1 in the northern hemisphere diminish once it encounters the cusp. On the other hand, the passage of FTE #1 enhances densities in the interior cusp, indicating that the process is associated with plasma injection to lower altitudes.
[7] To examine the interaction between FTEs and the surrounding plasma in the magnetosheath and the cusp, we focus on the large FTE #1 in the northern hemisphere. densities and low magnetic field strengths within the core region of the FTE. The density enhancement and flow deflection associated with the bow wave occurs primarily on the left side of the FTE due to the larger density of the magnetosheath as compared to the magnetosphere which lies on the right side of the FTE. As a result the slow mode bow wave is initially asymmetric. However, upon entering the cusp magnetosheath plasma surrounds the FTE on both sides and the bow wave becomes more symmetric (see Figures 1b and 1c The core field is associated with the expected quadruple structure generated by reconnection (including Hall) currents and has magnitude $3 times the IMF strength (not shown). The magnetic field on the leading edge of the FTE points northward and derives from the magnetosphere, whereas the magnetic field on the trailing edge points southward and derives from the magnetosheath. The juxtaposition of northward-pointing magnetic fields on the leading edge of the FTE and southward fields in the magnetosphere poleward of the cusp favors the initiation of magnetic reconnection. Figure 2 (right) clearly illustrates the plasma jetting both northward and southward away from a point (X = 412, Y = 565) on the leading edge of the FTE. The southward jetting contributes to the injection of plasma into the cusp. Note that Figure 2 corresponds to the FTE rest frame and that in the simulation rest frame the plasma to the right side of the FTE would have an outward (Vy > 0) flow as opposed to downward as one might conclude from Figure 2 . We find that smaller FTEs interact with the cusp in a similar manner, often disintegrating within the cusp. Only the larger FTEs make it further down the tail before full dissipation. The net result of this finite-duration magnetic reconnection is the acceleration and injection of plasma into both the magnetosheath and the cusp and the annihilation of the convected dayside magnetospheric field.
[9] To further illustrate and examine the nature of ion injection into the cusp due to the passage of the FTE, Figure 3 shows the ion energy spectra as a function of time at Points ''A'' and ''B'' shown in Figure 1a . Point A corresponds to the exterior cusp and Point B to the interior. The energy of the ions in Figure 3 is in keV and the time period considered covers the cusp before and after the passage of the large FTE #1. Figure 3a shows a symmetric increase and decrease in the flux and average ion energy as FTE #1 passes through the exterior cusp from T = 190 to 210 W
À1
. The maximum fluxes and energies are associated with the denser and hotter plasma within the FTE. At lower altitudes ( Figure 3b ) the ion flux and energy increase at a later time. Fluxes and energies fall more slowly than they rise due to the supply of accelerated ions from the reconnection site and their magnetic mirroring at lower altitudes.
[10] Poleward moving auroral forms (PMAFs) [Vorobjev et al., 1975] observed in the high-latitude, dayside ionosphere are thought to be a possible signature of FTEs [e.g., Fasel, 1995] . To describe the ionospheric signatures of the FTEs predicted by our model, we consider the time evolution of the downward flux of 0.25 keV ions at low altitudes as a function of magnetic latitude and time. Figures 4 (top and bottom) show events labeled (i), (ii) in the northern and (iii) through (vi) in the southern hemispheres respectively. Event (i) begins at time W t = 195, around 50°magnetic latitude and moves to higher latitudes until W t $ 203 (phase 1) after which the flux intensifies for some time at 
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a nearly constant magnetic latitude (phase 2). We would expect auroral forms to move poleward rapidly, then stall and rebrighten.
[11] This two-phase signature is associated with the poleward movement of FTE #1 and its characteristics are tied to the evolution of this FTE. Specifically, the increase in magnetic latitude from W t $ 195 to 203 is caused by the poleward motion of the FTE from the point X = 385, Y = 560 to point X = 410, Y = 580 (see Figure 1) . Further motion of the FTE between W t $ 203 -210 brings it to point X = 420, Y = 600. Note that during this time interval the FTE moves more in the northern (Y) direction and less tailward (X) as compared to the earlier time interval. This combined with the magnetic field topology lead to ionospheric locations of the field lines with downward moving plasma to correspond to similar latitudes as the FTE moves past the cusp. As a result, the second phase of the signature is not associated with a substantial increase in magnetic latitude. The enhanced fluxes of precipitating ions occur when the dense plasma within the core region of the FTE is injected into the low-altitude cusp. Event (ii), a much fainter signature is associated with the motion of a small FTE (not labeled) into the cusp region. The fact that this event is not associated with a period of constant magnetic latitude is due to the fact that the small FTE disintegrates in the cusp.
[12] Figure 4 (bottom) shows events associated with 4 FTEs in the southern hemisphere. Event (iii) is associated with a small FTE not seen in Figure 1 . Event (iv) is associated with the passage of FTE #3 through the cusp. Unlike FTE #1, there is no evidence of FTE #3 in Figure 1d , indicating its full disintegration as it crossed the cusp. However, it is evident that FTE #3 did move sufficiently tailward before disintegration for its ionospheric signature in Figure 4 , to be associated with a constant latitude phase. Events (v) and (vi) are only partially covered with the former being due to FTE #2. It is evident that the size and density within FTEs controls the duration and intensity of the corresponding signatures in the ionosphere. Similar results would have been obtained by considering the downward flux of ions at energies ranging from 0.2 to a few keV.
[13] Fasel et al. [1994] categorized PMAFs into three classes based on their motion and brightening history. The PMAF1 class moves into the polar cap and fades, while the PMAF2 class rebrightens as they move poleward. The PMAF 3 class is similar to PMAF2 except that they slow down and stop (at the same latitude) while rebrightening. Assuming that the flux of the downward electrons responsible for the PMAF emissions shows characteristics similar to the downward flux of ions, the results in Figure 4 can be related to the properties of PMAFs. Specifically, one would conclude that the classification of PMAFs is tied to the size of the FTEs, density levels within them and whether they disintegrate completely within the cusp or tailward of it. Accordingly, small FTEs with weak density enhancements that disintegrate within the cusp are the cause of PMAF1 events. Bigger FTEs with stronger density enhancements that also dissipate completely within the cusp are the cause of PMAF2 events. Finally, even larger FTEs that disintegrate tailward of the cusp lead to PMAF3 events. The results in Figure 4 also suggest that signatures associated with 2 or more FTEs may be simultaneously observed at separate or overlapping band of latitudes.
Conclusions
[14] The results from 2.5-D global hybrid simulations during steady southward IMF show the formation and poleward motion of FTEs with a range in size between hundreds and thousands of km. The poleward velocity of the FTEs relative to the magnetosheath plasma is about 1 local Alfvén speed. This relative motion leads to the formation of an asymmetric bow wave with anti-correlated density and magnetic field pile up in front of the larger FTEs. This anti-correlation is used to identify the propagation mode of the bow wave as slow magnetosonic. The asymmetric nature of the bow wave is due to the large density variations between the magnetosheath and the magnetosphere with plasma and field pile up occurring primarily on the magnetosheath side of the FTE. Upon entering the cusp, however, the bow wave becomes more symmetric as the FTE interacts only with magnetosheath plasma. The flow diversion caused by the bow wave contributes to plasma injection into the cusp. Smaller FTEs are associated with weaker or no slow mode bow waves.
[15] The entrance of FTEs into the cusp initiates magnetic reconnection between the FTE and the cusp magnetic field lines. Although the core field of the FTE does not directly participate in the reconnection process it is ultimately dissipated as the FTE disintegrates. The reconnection process is associated with plasma jetting into the magnetosheath and the cusp and operates independent of the size of the FTE. It ultimately leads to the disintegration of the FTEs within or tailward of the cusp. Thus, we expect fewer (and smaller) FTEs poleward than equatorward of the cusp during southward IMF.
[16] Examination of the energy and flux of ions in the exterior and the interior cusp show clear evidence for the passage of the FTE through the cusp and the associated plasma injection. It is also found that the poleward motion of the FTEs results in variations of the downward flux of ions at a given energy as a function of latitude with characteristics similar to PMAFs observed in the dayside ionosphere. Specifically, three previously reported classes of PMAFs correspond to variations in the spatial size and magnitude of the density enhancement within FTEs and whether they dissipate entirely within or tailward of the cusp. The results presented here generally support earlier conclusions regarding the importance of FTEs and their interaction with the cusp in plasma transfer and injection into the dayside magnetosphere and the ionosphere. However, they also reveal new aspects related to the physical processes involved in the poleward motion of FTEs and their interaction with the cusp, namely the formation of the slow mode bow wave and the role of magnetic reconnection in their dissipation and ionospheric signatures.
[17] The results presented here focus on the poleward motion of FTEs and ignore their dawnward or duskward motion. Past studies of FTE motion [e.g., Kawano and Russell, 2005] show that in general they move poleward and dawnward or duskward. Thus, not all poleward moving FTEs encounter the cusp and some go around it. However, we still expect a fraction of FTEs to pass through and interact with the cusp via physical processes discussed here. In particular, we expect the phenomena discussed within this paper to occur near the noon meridian during periods of strongly southward IMF orientation, i.e. when and where FTEs are most common. While 3-D hybrid simulations in the future are expected to show a more complete picture of FTE motion and interaction with the cusp, the results presented here provide a series of predictions that can be compared against observations.
